CHAPTER 1 Introduction

Welcome to CFL3D (¥rsion 5.0), a Raolds-Areraged thin-layer Naer-Stokes flav
solver for structured grids. The originaénsion of CFL3D was deeloped in the early
19805 in the Computational Fluids Laboratory s8#®A Langley Research Center; hence
the name of the code, which is an agmnfor the ComputationalFluids Laboratory3-
Dimensional flav solver. As the number of people who Jea utilized CFL3D has
increased wer time, so hee the demands on the code. Consequeiitlig constantly
“under construction” with numerous researchersirita contrituted to code upgrades.
Currently the primary deelopers/supporters of CFL3D are. @hristopher L. Rumse
and Dr Robert T Biedron of the Aerodynamics and Acoustics BranchASA Langley.
An overview of the history of the code can be found in RunBéedron, and Thomas.

CFL3D soles the time-dependent consaion lav form of the Rgnolds-aeraged
Navier-Stokes equations. The spatial discretizatiorolnes a semi-discrete finiteslkume
approach. Upwind-biasing is used for thevamrive and pressure terms, while central dif-
ferencing is used for the shear stress and heat transfer temesadancement is implicit
with the ability to sole steady or unsteady Ws. Multigrid and mesh sequencing are
available for comergence acceleration. Numerous twldgnce models are prioled, includ-
ing 0-equation, 1-equation, and 2-equation models. Multiple-block topologies are possible
with the use of 1-1 blocking, patchingeslapping, and embedding. CFL3D does not con-
tain ary grid generation softare. Grids must be suppliegteneously

Version 5.0 of CFL3D hasweral additional utilities wer earlier ersions of the code.
Most notably Version 5.0 has the capability to emplsliding patched-zone intexdes,
such as might be required to perform regtator computations, foxample. Hovever, it
is stressed here that CFL3D has beereldped primarily as a tool foixgernal aerody-
namics analysis. Its use for internal turbomachinery applications has been only as a basic
research code thuarf other Naier-Stokes codes specifically designed for turbomachin-
ery applications, such as ABRP?2, UncleTurbo’®, or ROTOR?® may be better suited to the
analysis of such fles.

The purpose of this usernanual is to describe the code and/ipl®instruction for its
usage. Chapte explains the set up and running of the codaridus files gailable with
CFL3D are described and directions for their usage axedaa Step by step instructions
are listed for running CFL3D, as well as the pre-processing codes needed faeglag-o
ping and patching.
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Chapter3 provides a line-by-line description of all the input parameters utilized in
CFL3D. This will probably be the chapter referred to the most. It will aid users in under-
standing the sample problems as well as in setting up tveipooblems. While some
parameters are strictly case dependent, somehe deneral and recommendedives
are usually indicated. Certain problems mafycourse, require altering the recommended
values of these parameters as well.

To avoid the use of feet, meters, pounds, grams, etc. in coding the equations, CFL3D
solves the Naier-Stokes equations in “nondimensional” form. Eachwfiield parameter
is nondimensionalized by referencdues. IBr example, all points on a wing may be non-
dimensionalized by the chord length of the wing. The nondimensionalizations used in
CFL3D are described in Chapter

Chaptel5 explains the file formats. The most important of these is the grid file format,
since users will need to translate their grids into an appropriate CFL3D format. The restart
file format may be needed for us#signed post-processing programs. This chapter also
describes thearious output files.

Besides praiding general information about boundary condition usage in CFL3D,
Chapter6 discusses theavious plysical boundary conditionsvailable. It also preides
descriptions of the multiple block capabilities in CFL3D, maithl blocking, patching,
grid overlapping, and grid embedding. Inpuenples for the arious techniques are pro-
vided.

The adwantages of using multigrid for cemrgence acceleration areained in
Chapter7. The theory behind multigrid and its usage are discussed. The use of multigrid
with embedded grids is described. Mesh sequencing is also defined and discussed. Input
examples are praded there as well.

ChapterB discusses time accurate simulation of unsteadysflasing sub-iteration
schemes. Wo types of sub-iterations are currently implemented in CFL3D. Thetgfof
the diferent types of sub-iterations, as well as the gjyater pursuing time-accurate
computations in general, are described.

Chapter9 contains seeral test cases for the user to practice with when learnimgdo
run CFL3D. To-dimensional sample cases include a single block RAE airfoil case, a
grid-overlapping MCA 0012 airfoil case, a patched gridA@A 0012 airfoil case, and a
grid-overlapping multielement airfoil case. Also described a@ les for a figd flat
plate, a vibrating plate, a multistream nozzle, and a-gi&ior The three-dimensional test
cases include an axisymmetrigrbp, a single block F-5 wing, a single block ONERA M6
wing, and a single block delta wing.

Finally, ChapterlO is dedicated to troubleshooting. It is basically a compilation of
suggestions for common problems encountered by ugershe years. It is recommended
that this chapter be read at the onset gfdifficulties which occur while using CFL3D.
Precious time may besad by learning from thexperiences (and, yes, the mistak of
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others. It is prudent at this point to suggest to the user tlgaprablems encountered
while using CFL3D be reported to the support personnel so that others may benefit from
hitherto unknwn experiences that may occur

There are seral appendices at the end of this manual whickigeomore detailed
information about the code. Appendixdescribes the gerning equations. Append&
explains the time acincement procedure. The spatial discretizations of thecid and
viscous flues are described in Appendix The multigrid algorithm is described in
AppendixD. The matrix needed to cegrt the equations from consative variables to
primitive variables is devied in AppendiXE. A step-by-stepxplanation of ha to corvert
the gawerning equations from Cartesian coordinates to generalized coordinatesdsgro
in AppendixF. AppendixG shavs hav the forces and moments are calculated.
AppendixH describes the tudbence modelsvailable in CFL3D. Appendix illustrates

the angle ¢ and) definitions used in the code. Appendigontains a list of all the sub-

routines in CFL3D and their purposes. FinalyppendixK explains the diferences
between ¥rsions 4.1 and 5.0 of CFL3D.

The last tvo sections of the manual are source listinggifideng on pag8&37, there is
a partial list of papers that Yebeen publishedver the years as CFL3D hasvdoped.
The last section of the manual is a list of the references used for this document.

It is appropriate at this point to discuss some of the terminology used @Ftt®D
User's Manual Terms, such as grid, zone, mesh, and block, are often used interchange-
ably in CFD discussions and literaturer Elarity in this manual, the folang distinc-
tions are defined. Thgrid refers to those sets of points that define the fleld and are
generated by the user to be read in by CFL3D. A grid may be one entity or it may be com-
posed of seeral component grids. These component grids may also be gatlezbnes
The grid zones may communicate with one another through 1-1 blocking, pateleing, o
lapping, or embedding. The tetniock is used for bookéeping purposes. All component
grids are blocks and are assigned a block nuriilbergrid or the set of component grids is
often referred to as thgdobal grid, encompassing the entirevidield. When the compo-
nent grids are coarsened for such options as multigrid and mesh sequencing, the coarser
levels are labelled as blocks and are also assigned block nurBbdrsddedyrids are
finer than the component grid in which yheside, it do not encompass the entire zone.
Instead, thg are placed in gions knavn to hae high gradients to further reselthose
areas.

Another terminology definition that should be clarified is the phiiesesteam As
used throughout this manual, thenrdsfree steamimply a reference state. CFL3Daw/
developed primarily as anxgernal flav solver, in which case the appropriate reference
stateis free stream. Heever, for purely internal flavs, the concept of free stream has no
meaning and the more general concepetdrence statshould be used.

Further distinctions between terms are required in discussing the methods of commu-
nication between blocks. Whendwlocks share ate or a portion of ate and the grid
points correspond point to point, the boundary condition communication set up between
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the two blocks is called -1 bloking. The blocks in this case are often referred to as being
C° continuous Grid patcing, on the other hand, refers to the boundary condition interpo-
lations set up between blocks that share a comamndr portion of aaice, lmt which do

not match point to point.df example, a fine gridaice of one block could passvilanfor-
mation to a coarse grih¢e of another block as long as the talocks shared thade.
Grid overlappinghas neither the restriction of point to point conmnetgtior a common
face between blocksoF example, a glindrical “inner” grid could communicate with a
cubic “outer” grid @en though the grid topologies are completelyedént. The terms
overset gridsandchimesa gridsare synopmous with @erlapped grids.

A distinction should also be made for the methods of timarambment. The tertime
accurate means that the flo is actually trackd in time. Br example, if the flav is
allowed to adence for ten seconds, theWl@onditions at a certain point in thevildield
might have ten diferent \alues, one at each secondr Bsteady stat@roblem, after con-
vergence is reached, thevla@onditions will not change with time.

Here is one final tip for reading this manual. In discussions xat@es, input ari-
ables are typed ibold print. Such items asaviable names, array names, lines of actual
code, input samples, etc. are printed indber i er font. Note that these ceantions do
not necessarily cay in the World-Wide-Web \ersion of this manual. The CFL3D inter-
net address is: http://fmad-wwerc.nasa.gg~rumsg/CFL3D/cfl3d.html .

Hopefully, this manual will answer most questions encountered when running CFL3D.
If problems arise that are not addressed in the sample inputs or in Cltapikrase con-
tact

Dr. Christopher L. Rumge
(757)864-2165
c.l.r umsg@larc.nasa.go

or

Dr. Robert T Biedron
(757)864-2156
r.t.biedron@larc.nasa.go

NASA Langley Research Center
Mail Stop 128
Hampton, VA 23681-0001

Please also let these represewgstiknav if any “bugs” or other useful insights are digeo
ered during the usage of CFL3D.
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Every effort has been made to insure that this document represents the correct usage
and theoretical underpinnings of CFL3D. The intention has been to make this manual as
complete and as self-consistent as possible. However, no guarantee can be given that this
manual covers all possible aspects of the code and its usage or that this manual is without
error.
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